Recent findings from our laboratory and those of others demonstrated that prolactin gene expression (PRL-GE) oscillates in single living mammotropes, but little information is available on the molecular processes that contribute to this phenomenon. To elucidate the source of this activity, we generated a series of constructs containing decreasing lengths of the PRL promoter fused to a luciferase reporter gene. These constructs were injected into single cells and assayed for photonic activity. We found pulse activity with all plasmids tested, even with the smallest promoter fragment of 331 bp. Sequence analysis of this fragment identified two potential E-boxes (elements known to bind CLOCK and BMAL1 circadian proteins). Furthermore, RT-PCR of PRL cells (pituitary, MMQ, and GH 3 ) revealed expression of clock and bmal1 as well as five other clock genes (per1, per2, cry1, cry2, and tim), suggesting that the circadian system may function in PRL cells. Next, we mutated the core sequences of both E-boxes within the 2.5-kb PRL promoter and found that only mutation of the E-box133 completely abolished PRL-GE pulses. EMSAs revealed that CLOCK and BMAL1 were able to bind to the Ebox133 site in vitro. Our results demonstrate that PRL-GE pulses are dependent on a specific E-box binding site in the PRL promoter. Moreover, the indication that CLOCK/BMAL1 can bind to this site suggests that these circadian proteins, either alone or in conjunction with other factors, may regulate intermittent PRL promoter activity in mammotropes, perhaps by acting as a temporal switch for the on/off expression of PRL. (Endocrinology 146: 2782-2790, 2005) P ROLACTIN (PRL) is involved in a wide range of mammalian physiological processes and is expressed with temporal characteristics that suggest a high degree of regulation (1). This is evidenced by a complex pattern of secretion consisting of repetitive surges that are timed specifically and depend on the physiological state of the animal. For example, in the female rat, PRL release occurs during the afternoon of proestrus and during pregnancy with specifically timed nocturnal and/or diurnal surges. It is generally accepted that the secretion of PRL from mammotropes depends on a variety of factors released by the hypothalamus that impinge on the pituitary and stimulate or inhibit the synthesis and release of PRL (1, 2). Because of this, it is recognized that much of the timed release of PRL depends on the type and level of modulatory factor that reaches the mammotrope.
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The possibility that individual mammotrope function may also play a role in the temporal regulation of PRL release was raised with recent evidence from our laboratory demonstrating that PRL gene expression (PRL-GE) is not constant but oscillates in individual living mammotropes obtained from rat pituitaries (3) . This oscillatory function of normal pituitary cells was determined in these experiments by use of a PRL promoter-driven luciferase reporter plasmid to monitor transcriptional activity over time. This type of episodic expression was later confirmed by others using a similar reporter system in cells from hamster pituitaries (4) . Although the mechanism(s) underlying these pulses remains obscure, a clue as to what may be involved in this process was obtained by McFerran et al. (5) using a PRL::luc reporter construct and a continuous PRL-producing cell line. This group demonstrated that detectable pulses of PRL promoter expression could be induced experimentally in individual GH 3 cells by treatment with high concentrations of serum. Because this treatment was effective in inducing circadian gene expression in cultured mammalian cells (6) , these investigators proposed that a relationship might exist between circadian clock regulatory function and PRL oscillatory activity. Although intriguing, there was no direct evidence linking these two phenomenon, nor was information available that identified any specific process(es) underlying PRL oscillatory activity. Nevertheless, when these studies are taken together, two issues become clear. First, PRL-GE in individual mammotropes is a dynamic process that is subject to some type of internal timing mechanism. Second, this mechanism is dependent on the PRL promoter. To understand the mechanism(s) that may underlie these oscillations, the present study was conducted to determine the region of the PRL promoter responsible for intermittent function and begin to identify specific regulatory element(s) present that may be involved in this process.
Charles River Laboratories, Inc., Wilmington, MA). Procedures involving these animals were conducted in accordance with protocols approved by the institution and the University Committee on Animal Care. As reported elsewhere (7) dispersed pituitary cells were maintained in phenol red-free medium-199-Earles' salts/nutrient medium F-12 supplemented with antibiotics (100 U/ml penicillin and 100 g/ml streptomycin), l-glutamine (2 mm), and 10% fetal bovine serum. All tissue culture supplies were obtained from Invitrogen (Carlsbad, CA). Rat mammotrope MMQ (CRL-10609, American Type Culture Collection, Manassas, VA) and rat mammosomatotrope GH 3 (CCL-82.1, American Type Culture Collection) cells were maintained in phenol red-free DMEM/F12 medium (1:1) supplemented with 2 mm l-glutamine, 10 mm HEPES, antibiotics, and 10% fetal bovine serum. The cells were grown in a 5% CO 2 environment at 37 C in accordance with routine cell culture procedures.
Real-time measurement of gene expression in living mammotropes and pulse analysis
For bioluminescent imaging, the anterior pituitary cells obtained from lactating female rats were cultured on 25-mm glass photo-etched coverslips (Bellco Glass, Vineland, NJ) coated with poly-l-lysine as described previously (8) . After 2 d in culture, individual cells were transfected by microinjection (Eppendorf 5242) with Endofree-purified plasmid DNA (QIAGEN, Valencia, CA) using a concentration of 0.2 g/l. Cells were incubated under normal culture conditions for 24 -48 h before imaging. Then coverslips containing the cells were assembled in Sykes-Moore chambers and perifused (10 l/min) with culture medium containing 0.1 mm luciferin (Sigma, St. Louis, MO). A chamber was placed on the heated stage of a photon-capture microscope (Axioskop, Carl Zeiss, Jena, Germany) and photon images were visualized using ϫ10 objective (Neofluar, Carl Zeiss). Photonic signals from single cells were accumulated and quantified continuously in 30-min bins for more than 40 h using a photon-counting camera system (Argus 50, Hamamatsu, Bridgewater, NJ). Photonic images were analyzed off-line as previously described (8, 9) . The presence of PRL-GE pulses was identified as described by Shorte et al. (3) . A pulse was defined as a significant rise in photonic activity that lasted longer than 2 h with a value greater than 5% of the photonic signal count at the beginning of the pulse plus 2 times the total signal-noise variation (SNV). SNV was calculated by the square root of each value plus the sd of the corresponding background values squared [SNV ϭ ͌([signal count] ϩ [sd of detected background 2 ])]. For normalization, the photonic activity data were plotted as signal count over SNV as a function of time. Comparisons of pulse activity between cells microinjected with various constructs and expressing luciferase activity were achieved using twotailed, unpaired t tests. All data are expressed as mean Ϯ sem.
Preparation of PRL promoter constructs
Construction of the luciferase reporter plasmid pPLDA12 is described elsewhere (3). This plasmid contains 2.5 kb of the rat PRL promoter fused to a modified luciferase coding sequence (LUCODC-DA), which encodes a short-lived luciferase enzyme (10) . Generation of a unidirectional nested set of deletions in the PRL promoter was accomplished using the Erase-a-Base system (Promega, Madison, WI) in accordance with the manufacturer's recommendations. Briefly, the pPLDA12 was digested with NdeI and filled with ␣-phosphorothioate deoxynucleotide triphosphates. The linear plasmid was restricted with AflII (located near the 5Ј end of the 2.5-kb PRL promoter fragment) and submitted to Exonuclease III digestion for various times. Plasmids were ligated, precipitated, and transformed in Escherichia coli XL1-Blue MRFЈ cells. The resulting recombinant DNA molecules were extracted using the QIAprep Spin miniprep kit (QIAGEN), and the length of the PRL promoter in each of the clones was determined by restriction digest with two sets of double-enzyme digestions, BamHI/BglI and BamHI/ScaI (New England Biolabs, Beverly, MA). From the collection of PRL promoter deletion constructs obtained, only a subset was subjected to bioluminescent imaging for evaluation of the photonic activity. Automated DNA sequencing of the 331-bp PRL promoter fragment was obtained by the Biotechnology Resource Laboratory of the Medical University of South Carolina (Charleston, SC).
Site-directed mutagenesis of E-box sites
Mutants of the rat PRL promoter sites E-box133 and E-box10 were generated using the QuikChange II XL site-directed mutagenesis kit (Stratagene, La Jolla, CA) according to the manufacturer's instructions. Briefly, 40 g of Endofree purified pPLDA12 plasmid DNA was used as template for mutant strand synthesis. For the mutagenesis, the primers E-box10F (5Ј-GGT TTA TAA AGT CAA TGT CTG CCG CGG AGA AAG CAG TGG TTC TCTT), E-box133F (5Ј-GTC TTC CTG AAT ATG AAT AAG AAA TAA AAT ACC TCG AGA TGT TTA AAA TTA TTG GGG CTA TCT TAA TGAC), and their complementary oligonucleotides were used (Sigma Genosys, Woodlands, TX). These mutagenic primers were engineered in such a way that the mutated nucleotides formed a unique restriction site (SacII for E-box10, and XhoI for E-box133, sequence underlined), facilitating the screening of the mutated clones. The mutations were confirmed by nucleotide sequencing.
Total RNA isolation and RT-PCR of the circadian genes
Total RNA was isolated from either clonal pituitary cell cultures (MMQ and GH 3 ) or pituitary glands from female lactating rats using the RNeasy kit (QIAGEN). First-strand cDNA synthesis and reverse transcription reactions were described elsewhere (11) . The RNA samples were treated with DNase I (30 Kunitz units) to remove any trace of genomic DNA as specified in the RNeasy kit procedure (QIAGEN). PCR amplifications of the clock cDNA gene complements (clock, bmal1, per1, per2, cry1, cry2, and tim) were performed in a 25-l reaction volume containing 1ϫ QIAGEN PCR buffer, 1ϫ QIAGEN Q-solution, 0.6 m primers, 0.2 mm each deoxynucleotide triphosphates (Invitrogen), and 0.6 U HotStar Taq DNA polymerase (QIAGEN). The design of the rat specific primers was based on the sequence of the mouse-specific primers that were used to amplify circadian genes. PCR products obtained with these primers were sequenced and characterized to confirm their identity (12) . The rat-specific circadian gene accession numbers, DNA sequences of their corresponding PCR primers, and size of the amplified fragments were as follows: clock (NM_021856, CLK-F1: 5Ј-GCG AGA ACT TGG CGT TGA GGAG, CLK-R1: 5Ј-CTG TGT CCA CTC ATT ACA CTC TGT, 770 bp), bmal1 (AB012600, BMAL1-F1: 5Ј-TCT GGA GCT CGG CGC TCT TTC, BMAL1-R1: 5Ј-AAC AAC AGT GTT GGT TGA GAC AAT, 602 bp), per1 (XM_340822, PER1-F1: 5Ј-CCA GGA CCC AGA AAG AAC TC, PER1-R1: 5Ј-CCT CTG ATT CGG CAG AAGAC, 513 bp), per2 (NM_031678, PER2-F1: 5Ј-AGA CGT GGA CAT GAG CAGCG, PER2-R1: 5Ј-CAG GAT CTT CCC AGA GACCA, 519 bp), cry1 (AF545855, CRY1-F1: 5Ј-TCC CCT CCC CTT TCT CTTTA, CRY1-R1: 5Ј-ATC CCT TCT TCC CAA CTGAT, 292 bp), cry2 (NM_133405, CRY2-F1: 5Ј-AAG CTG AAT TCC CGT CTGTT, CRY2-R1: 5Ј-GTG GTT TCT GCC CAT TCAGT, 237 bp), and tim (NM_031340, TIM-F1: 5Ј-GGA GAA CTG TTA CAA CCC ACTC, TIM-R1: 5Ј-GAA CGT GGA TGG TAT CTC TCA, 440 bp). The PCR conditions were as follows: initial incubation at 95 C for 15 min and then 36 cycles of denaturation at 94 C for 30 sec, annealing at 56 C for 1 min, and elongation at 72 C for 40 sec. The PCR products were resolved in 1.2% Tris acetate EDTA (pH 8.0)-agarose gels stained with ethidium bromide.
Nuclear protein extract and EMSAs
The interaction of MMQ nuclear proteins with the DNA fragment containing the putative E-box133 binding site was analyzed by EMSAs using the LightShift Chemiluminescent EMSA Kit (Pierce, Rockford, IL). The 20-bp DNA duplex used in EMSA experiments consisted of the annealed pair of oligonucleotides E-box133F (5Ј-AAT AAA ATA CCA TTT GAT GT), and E-box133R (5Ј-ACA TCA AAT GGT ATT TTA TT) (Integrated DNA Technologies, Inc., Coralville, IA). These two oligonucleotides were biotinylated at their 5Ј-ends to allow chemiluminescent detection. Nuclear protein extracts from MMQ cells were obtained using the NE-PER nuclear and cytoplasmic extraction reagents (Pierce) supplemented with 2ϫ final concentration of the Halt protease inhibitor cocktail kit (Pierce). Then these extracts were purified and concentrated 3-fold with the Microcon centrifugal filter YM-10 (Millipore, Bedford, MA). Protein concentration in the nuclear extracts was determined using the Micro BCA protein assay reagent kit (Pierce). DNA-protein binding reactions consisted of incubation of 15 g of the concentrated NE-PER nuclear extracts mixed with a reaction buffer composed of 10 mm Tris-HCl (pH 7.5), 50 mm KCl, 1 mm DTT, 50 ng/l poly (dI ⅐ dC), 2.5% glycerol, 10 mm EDTA (pH 8.0), and 0.05% Nonidet P-40 for 10 min at room temperature. This was followed by addition of 100 fmol of 5-biotinlabeled E-box133 DNA to the reaction mixture and incubating for 25 min at room temperature.
For competition experiments, a 60-fold molar excess of unlabeled duplex DNA fragments corresponding to either the E-box133 site (described above) or the stimulating protein-1 (SP1) site (5Ј-ATT CGA TCG GGG CGG GGC GAGC, Promega) was added to the reaction mixture before addition of the labeled oligonucleotides. For supershift experiments, we added 4 g of IgG affinity purified goat polyclonal antibody raised against CLOCK (sc-6927), BMAL1 (sc-8550), or a control IgG (DREAM, sc-9309) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) to the binding reaction mixture and incubated for 40 min at room temperature. The CLOCK and BMAL1 antibodies were validated for use in EMSAs by Oishi et al. (13) . Reaction mixtures were analyzed by nondenaturing 6% PAGE (Invitrogen) and then transferred to Biodyne B nylon membranes (Pierce). The biotin-labeled DNA probes were detected by chemiluminescence using the chemiluminescent nucleic acid detection module kit (Pierce). The membranes were exposed to x-ray films for 1-3 min and developed according to the manufacturer's instructions.
Results

Identification of the PRL promoter segment responsible for pulsatility
As stated above, a previous investigation from our laboratory clearly identified pulses of PRL promoter-driven gene expression in living pituitary cells (3) . In the present study, initial efforts were directed toward identifying the region(s) of the PRL promoter associated with this pulsatile function. This involved unidirectional deletions of the PRL promoter to generate PRL::luc reporter constructs with different promoter lengths (Fig. 1) . These constructs were injected into individual cells and then assayed for photonic expression. By evaluating each fragment length progressively from larger to smaller until pulsatile function disappeared, we reasoned that we would be able to identify the minimal promoter region responsible for this pulsatile function. As shown (Fig.  1) , we found that constructs with fragment lengths of approximately 1.3, 0.64, 0.44, and 0.33 kb exhibited pulses.
Representative photonic profiles of the smaller constructs tested are shown in Fig. 2 . As illustrated, the pulse activity observed with these deletion constructs were indistinguishable from those obtained with the unmodified full-length promoter. In fact, we observed pulse activity with these deletion constructs to occur in approximately the same proportion of cells as compared with the full-length promoters (2.5 kb) [64.1 Ϯ 7.5% (n ϭ 28) vs. 70.3 Ϯ 5.2% (n ϭ 86), P Ͼ 0.3, various sized deletion vs. full-length, respectively]. From these experiments, it appeared that the smallest fragment of the PRL promoter tested (0.33 kb) contained the minimal elements needed for pulse activity.
With attention focused on this 331-bp segment, we attempted to identify any recognizable transcription factor binding sites that may be associated with intermittent or rhythmic activity. In addition to previously identified regulatory sites [such as the pituitary-specific transcription factor (Pit)-1, Pit-2, Pit-3, and Pit-4 binding sites (14)], DNA sequence analysis revealed two putative E-box binding sites (CANNTG), one located close to the transcription start site termed E-box10 (CAGATG, Ϫ10 to Ϫ5) and the other localized farther upstream between the Pit-2 and Pit-3 binding sites termed E-box133 (CATTTG, Ϫ133 to Ϫ128) (Fig. 3 ). E-box binding sites have been shown to affect expression of a large number of genes, many of which are involved in circadian function (15) . In the case of several circadian-regulated genes, the canonical E-box site CACGTG has been reported to preferentially bind the regulatory proteins, CLOCK and BMAL1 (16 -19) . Also, variations in the E-box recognition sequence have been reported in a number of clock-regulated genes (20 -22) and are believed to function in circadian processes as well. The presence of E-boxes in this promoter region supports the possibility that clock proteins may be involved in the intermittent expression of the PRL promoter.
FIG. 1.
Influence of PRL promoter fragment size on pulse activity. The plasmid pPLDA12 (2.5-kb PRL promoter) was used as a template to generate unidirectional deletions. As shown, each promoter deletion construct consisted of a portion of the promoter fused to the luciferase reporter gene (luc*). Preparations of constructs containing each fragment size were microinjected into single living pituitary cells obtained from lactating rats and photonic activity monitored for a period of 40 h. At least nine expressing cells/construct were analyzed for pulse activity (ϩ). Note that the smallest region tested that was capable of generating pulse activity was confined to the first 0.33 kb of the PRL proximal promoter region.
Expression of circadian genes in pituitary tissues and PRLproducing cell lines
In the next series of experiments, we attempted to identify whether the circadian transcription factors CLOCK and/or BMAL1 or other circadian regulators were expressed in PRL cells. RT-PCR analysis was performed on primary rat pituitary cells, and two PRL-secreting cell lines (MMQ and GH 3 ). As shown in Fig. 4A , bands corresponding to the predicted molecular weight for clock (770 bp) and bmal1 (602 bp) gene amplification products were identified when total RNA from each cell population was used as a template. In addition to clock and bmal1, we observed the expression of five other key clock regulatory genes (per1, per2, cry1, cry2, and tim with the expected molecular weight of 513, 519, 292, 237, and 440 bp, respectively) in each PRL cell type investigated when primers specific for these factors were used in RT-PCRs (Fig. 4B) . The expression in PRL cells of such an array of genes associated with temporal regulatory activity raises the possibility that these factors may play some type of role in intermittent PRL-GE activity in mammotropes.
Influence of E-box mutations on PRL promoter activity
The two E-box sites identified above in the PRL promoter may play a role in oscillatory activity possibly by interacting with certain circadian core regulatory proteins expressed in mammotropes. To address the impact of these E-boxes on pulses of PRL gene activity, we mutated each site in the 2.5-kb PRL promoter. The E-box133 site was changed from CATTTG to CTCGAG and the E-box10 site was changed from CAGATG to CCGCGG, altering only the core E-box binding sequences. Reporter plasmids containing each of these mutant constructs were microinjected into pituitary cells from lactating rats and assessed for changes in promoter-driven pulse activity. As illustrated, cells injected with plasmids containing mutated E-box10 (E-box10*) site exhibited normal patterns of photonic activity (Fig. 5A ). This activity was virtually indistinguishable from that obtained using nonmodified PRL promoter (compare Fig. 5A with Fig.  2A above) . Because of this, the E-box10 site was not considered for further analysis. In contrast, use of the plasmid containing the mutated E-box133 (E-box133*) site resulted in a complete abolition of pulses (Fig. 5B ). Cells injected with this mutant construct continued to exhibit basal photonic activity. These results demonstrate that the E-box133 binding site is essential for pulses of PRL promoter activity.
EMSA analysis of CLOCK/BMAL1 binding to E-box133
Because the sequence of this putative E-box133 diverges from the canonical or perfect clock-related E-box structure (CACGTG), it was important to demonstrate whether CLOCK and/or BMAL1 could bind to the site. This was accomplished by performing EMSAs. The incubation of 5Ј-biotin-labeled DNA probe (containing an unmodified E-box133 site) with nuclear proteins from MMQ cells resulted in the formation of a specific band representing a complex formed between the E-box133 DNA probe and bound nuclear proteins (Fig. 6) . Moreover, addition of an antibody specific for either CLOCK or BMAL1 caused a supershift to occur as evidenced by the formation of a higher molecular weight complex. The absence of this higher molecular band when control IgG was used indicates that the antibody supershift reaction was specific for CLOCK or BMAL1 protein interaction. In additional control experiments, we found specific band formation to disappear when the reaction mixture was incubated with unlabeled E-box133 DNA but to be unaffected when unrelated SP1 DNA oligonucleotides were used, demonstrating that the complexes that form are specific for the E-box133 site. From these results, it is clear that a CLOCK and BMAL1 protein complex can bind to this E-box133 site in vitro, suggesting that these circadian factors are able to interact with the PRL promoter and may play an important role in the regulation of PRL pulse activity.
Discussion
Previously we reported that PRL promoter activity occurs in rhythmic pulses in individual living mammotropes (3) . Because the timing of PRL-GE pulses was not consistent with the strict definition of circadian activity (23), we classified these oscillations as noncircadian. In the present work, we have demonstrated that these pulses are dependent on a specific promoter site (E-box133, CATTTG) that can bind two essential clock regulatory proteins. This is evidenced by the observation that mutation of this site (E-box133*) results in complete abolition of pulse activity. Moreover, supershift EMSA experiments using specific antibodies against CLOCK or BMAL1 demonstrates that these two circadian proteins bind to this site in vitro. When taken together, our findings raise the intriguing possibility that even though PRL-GE pulse activity does not follow a strict circadian pattern, the mechanism underlying PRL-GE pulses may involve specific core regulatory elements that are usually associated with the circadian system.
In mammals, the oscillatory mechanism of the suprachi- asmatic nucleus (SCN) coordinates behavior and physiological rhythms throughout the whole animal and consists mainly of two activating factors, CLOCK and BMAL1 and two repressing factors, cryptochrome (CRY)1 and CRY2 in addition to other regulatory proteins (24) . In this system, a CLOCK/BMAL1 complex binds preferentially to the canonical E-box sequence CACGTG to activate transcription of these cry genes. The CRY proteins feedback and inhibit CLOCK/BMAL1 binding resulting in the inhibition of their own production. The interaction of these clock factors in stimulating and inhibiting gene expression forms the basis for an oscillatory mechanism that regulates the timing of a variety of factors produced in the hypothalamus (for detailed reviews, see Refs. 24 and 25) . The potential of the E-box133 in the prolactin promoter to bind CLOCK and BMAL1, even though its structure is different from the classic type of E-box sequence normally associated with clock gene regulation, may represent a novel mechanism by which these circadian proteins can modulate nonclock gene expression. It has been generally accepted that a specific hexameric DNA sequence (CACGTG; termed the perfect or canonical E-box) serves as a response element for the circadian regulatory proteins CLOCK and BMAL1 (for review, see Refs. 15 and 26). Indeed, these proteins heterodimerize forming a complex that activates gene transcription when bound to a canonical E-box sequence. In our study, no canonical E-box binding site was identified in the PRL promoter sequence. In contrast, we identified two noncanonical E-boxes (CANNTG) that are usually associated with a more ubiquitous E-box family of transcription regulatory sites. These sites have been linked to a variety of transcriptional processes involving such things as cell proliferation, differentiation, transformation, and apoptosis and bind transcription factors mainly of the helix-loop-helix type (15) . Of these two noncanonical E-box elements identified in the PRL proximal promoter region, we found only one (E-box133; CATTTG) to be involved in oscillatory activity as evidenced by the complete abolition of pulses when the site was mutated. Although noncanonical E-boxes have been identified in promoters that have circadian activity such as tim in Drosophilia (21) and per4 in zebrafish (20) , it was demonstrated that they cooperate with adjacent canonical E-box elements to promote transcription. Moreover, canonical clock E-box elements do not have to be restricted to the promoter region to be active. Recent investigations on the regulation of the circadian transcription factor albumin D-element binding protein revealed E-box elements in the first and second intron of the gene as well as the promoter region (22) . These E-boxes consisted of both canonical and noncanonical types that may well interact as described for tim. In our analysis, we were unable to find a canonical E-box anywhere in the rat PRL gene (genomic region covering more than 35 kb including the rat PRL gene on chromosome 17, WGS supercontig, GenBank accession number NW_047491). On the other hand, we identified several noncanonical E-box sites downstream from the PRL transcription start site. However, their role in PRL pulse activity remains in question because elements contained within the 331-bp PRL promoter segment are sufficient to generate pulses. Our results indicate clearly that a noncanonical E-box element (E-box133), which can bind CLOCK and BMAL1, may not have to work in conjunction with a perfect (CACGTG) E-box to induce oscillatory transcriptional activity of the PRL promoter. If such a nonperfect E-box is active in our system, then it is possible that such an element may be active in others. In recent studies, Panda et al. (27) identified nearly 650 cycling genes by microarray analysis from which they retrieved the sequences of 127 genes from both the mouse and human genomes. Of these sequences, they identified only nine genes that contained canonical E-boxes. However, cursory analysis of the 127 sequences reveals that many of these other genes contain one or more noncanonical E-box binding sites. When taken together, our findings of transcriptional oscillatory activity driven by a single noncanonical E-box identifies a novel mechanism by which the clock system may act on the PRL promoter. Moreover, this observation raises the intriguing possibility that such an E-box type (binding CLOCK and/or A, Products obtained after RT-PCR amplification using the specific primers for the circadian transcriptional activator clock (770 bp) and bmal1 (602 bp) genes. B, Amplified products obtained when specific primers for the five core clock regulatory genes, per1 (513 bp), per2 (519 bp), cry1 (292 bp), cry2 (237 bp), and tim (440 bp), were used. The negative control (labeled ϪCTRL) contained water instead of cDNA template. The pBR322 MspI digest was used as a DNA ladder and is shown in the first lanes for rat pituitary and GH 3 -derived products. For the rat MMQ-PCR products, we used a 100-bp DNA ladder (present in the far left lane) that ranges from 100 to 1517 bp. MW, Molecular weight BMAL1) may provide a means by which the clock gene system can confer oscillatory activity to a wide variety of nonclock genes.
Our observations of clock components and clock-related rhythmic activity in mammotropes confirms previous observations of clock gene expression in pituitary tissue (28) and extends the view that most, if not all, peripheral cells and tissues have an endogenous timing system. Circadian oscillatory elements have been identified in a wide variety of tissues such as skin, bone marrow, pancreas, retina, liver, heart, kidney, and lung (29 -35) . Although not all of the clock genes have been investigated, it has been determined that these tissues have many of the same clock proteins that are present in the SCN of the hypothalamus. Most of the evidence obtained to support rhythmic gene expression in these tissues came from static RNA determinations performed over time in synchronized tissues. This suggested strongly that oscillatory activity occurred in peripheral tissues, but it was not until the adaptation of luciferase technology that oscillatory gene activity could be observed in real time. The use of transgenic reporter mouse lines in which mouse period 1 (per1) promoter drives a luciferase reporter revealed circadian rhythms of per1 expression in liver tissues, with oscillatory activity diminishing within two to seven cycles (36) . This suggested that gene oscillations were not selfsustaining but were driven by exogenous input. However, more recent experiments of Yoo et al. (37) using a knockin mouse line in which the luciferase reporter was fused to the per2 gene revealed self-sustained per2 rhythms for at least 20 d. These observations strengthened the idea that peripheral tissues contain the components necessary to maintain rhythmic function. However, the reason for this clock gene controlled oscillatory activity in the production and release of a nonclock or output gene such as PRL remains in question. One possibility is that the oscillatory control imposed at the tissue level provides a means to coordinate cells within a tissue (38) . This may enable substantial levels of a particular factor such as PRL to be available for immediate release at critical times.
The rhythmic release of PRL occurs in distinct patterns, depending on the physiological state of the animal (1). An excellent example of this can be observed in the cycling female in which a surge of serum PRL can be detected during the afternoon of proestrus every 4 or 5 d. Upon mating, stimulation of the uterine cervix induces a secretory pattern consisting of specifically timed nocturnal and diurnal surges. This phenomenon clearly reveals that PRL release is subject to a control process that is centrally coordinated. Because of the circadian nature of this release, it is generally accepted that much of this control originates in the SCN of the hypothalamus. Although it has been demonstrated that oxytocin neurons from the paraventricular nucleus display daily rhythms that correlate with PRL release patterns (39), the identification of neuronal connections between the SCN and this other hypothalamic region emphasizes the likely SCN control of this phenomenon (40, 41) . The critical nature of the CLOCK protein in PRL control is evidenced by the report of Miller et al. (42) in which clock mutant mice were characterized. In addition to a number of reproductive hormonal changes related to disruption of circadian activity, these investigators demonstrated that the mutant mice showed a decline in progesterone levels at midpregnancy and a shortened duration of pseudopregnancy. In normal animals, PRL is the factor that maintains the ovarian corpora lutea, the structure that produces progesterone levels necessary to maintain pregnancy and extend pseudopregnancy (43) . In light of the importance of the CLOCK protein in both peripheral and central processes, it is quite likely that circadian processes are disrupted at both levels in these mutants. A number of factors such as dopamine, TRH, and oxytocin are secreted from the hypothalamus and influence PRL at the cellular level (1) . However, the role of these factors on PRL rhythmic activity remains to be determined. Our ability to assess the influence of clock proteins on rhythmic PRL promoter activity in single mammotropes, in conjunction with analysis of the effects of centrally derived modulators on these rhythms, provides a unique model system that can be used to address the role of peripheral and central clock systems in controlling the activity of an output gene such as PRL.
In summary, our findings that the basis for oscillatory behavior of PRL promoter activity in single mammotropes may involve specific core circadian proteins raises important new issues in the study of the control of hormone function and gene regulation. The possibility that such proteins may underlie most, if not all, oscillatory gene expression must be considered, especially in the pituitary. This tissue produces a number of hormones that are released in a specifically timed manner and are critical to the proper functioning of a variety of systems in the body (44) . The idea that clockrelated binding elements may be more common than previously recognized and that the pituitary contains a wide array of clock proteins increases the prospect that the clock system may be an important regulator of many pituitary hormones. Our approach using single living mammotropes should enable identification of many of the basic aspects of this process. Protein DNA interactions are denoted by the appearance of highmolecular-weight complexes (Specific Bands). CLOCK and BMAL1 proteins within the complex were identified (MMQ-NE ϩ ␣CLOCK and MMQ-NE ϩ ␣BMAL1, respectively) by the presence of highermolecular-weight bands (Supershift) when specific antiserum for these proteins were used. Reactions conducted using control IgG (MMQ-NE ϩ ␣IgG) are presented for comparison. In competition experiments, results of 60-fold molar excess of unlabeled specific E-box133 (MMQ-NE ϩ E-Box133) or nonspecific SP1 (MMQ-NE ϩ SP1) DNA probes are also shown. These results are representative of those obtained in four separate experiments.
